A series of the alternating fluorene copolymers modified with pyrene or 9,10-diphenylanthracene and BODIPY at the cardo carbon based on the red-emissive donor-acceptor structure were prepared. From the measurements of the optical properties, the energy transfer efficiencies were evaluated. In summary, variable energy transfer efficiencies were observed between the side chains and from the side chain to the main chain. Finally, the dual-emissive polymers were obtained in the film states.
INTRODUCTION
The fluorene-based alternating polymers are commodity materials for fabricating modern organic opto-electronic devices. As an emissive materials, a wide variety of fluorene-based functionalized polymers have been developed for the application to the electroluminescence devices. 1−3 By connecting fluorene with the functional units, color tuning was demonstrated. 4−6 As another instance, by the conjugation with the strong electron-accepting unit such as benzothiadiazole or organometallic complexes, the donor−acceptor interaction can be formed at the excited state. 7−11 Since these electronic states are feasible in encouraging charge separation and suppressing recombination, the fluorene-based polymers having the CT property are used as a key material in the bulk-heterojunction in the photovoltaic cells. 12, 13 Thus, the development of the new functional polymers using fluorene are still a current topic with high relevance.
We have also focused on the potential applications of the cardo fluorene structure as a building block for constructing the multi-functional optical materials based on the preprogrammed design. 14−16 It is presumed that the cardo structure in the dye-tethered fluorene could provide the suitable scaffold for obtaining the intrinsic characteristics of the dyes without loss of emission properties. Indeed, we have recently reported that the cardo carbon can play a role in the isolation from the electronic interaction in polyfluorenes. 14 The optical properties of the main-chain conjugation through the cardo polyfluorenes can be preserved from the influence of the electron-withdrawing and donating groups tethered to the polyfluorene via the cardo carbons. Consequently, it was demonstrated that a series of the modified polyfluorenes provided the pure-blue emissions. 15 In addition, the concentration quenching which is the crucial obstacle for preparing highly-bright emissive devices can be suppressed by tethering the fluorophores to polyfluorene via the cardo carbon. 15 With boron dipyrromethene (BODIPY) which readily forms the aggregation and shows the concentration quenching, the bright emissions were obtained after the accumulation onto the polyfluorene main-chains. Strong green emissions originated from the BODIPY units can be observed without significant losses of emission quantum efficiencies.
Moreover, we found the inefficient energy transfer between the dye at the side chains and the polymer main-chains composed of the donor-acceptor alternating sequences. 15 Furthermore, the dual emission which should show the two kinds of emissions from a single material in the different wavelength regions with the excitation at the single wavelength light was realized from a single polymer component in the solution state. 16 These polymers are versatile not only for preparing optical devices 17, 18 but also for applying to the bio-sensors. 19−21 However, the mechanism for the insufficient energy transfer between BODIPY and the polymer main-chain is still unclear because there are very few other examples on the energy transfer between the dyes tethered to the cardo carbons. The electronic structures of the cardo fluorenes modified by various kinds of dyes are not assessed in detail yet. In addition, dual-emission behaviors were lost at the condensed state, resulting in the monotonous emission in the film state. To extend the versatility of the cardo fluorene as an optical material, the systematic information on the energy transfer between the side-chains as well as between the side-chain and the main-chain should be strongly required.
Herein, we report the modified fluorene polymers tethered to the heterogeneous types of the fluorescent dyes at the cardo carbon and their dual-emissive properties in the film state. Initially, we synthesized the desired polymers and collect the information on the energy transfer between the dye molecules and the polymer main-chains via the cardo structure, we prepared a series of the modified fluorenes tethered to the heterogeneous types of the fluorescent dyes at the cardo carbon as a monomer with pyrene, 9,10-diphenylanthracene (DPA), and/or BODIPY. The alternative polymers with the red emission were synthesized via the metal-catalyzed polymerization using the dithiophenylbenzothiadiazole (TBT) unit. From the comparison of the optical properties of the synthesized compounds, the energy transfer efficiencies were evaluated in the solution and the film states. Finally, the dual-emissive films were successfully obtained. This is the first example, to the best of our knowledge, not only to offer systematic information on the energy transfer between the dye molecules and the polymer main-chains via the cardo structure but also to demonstrate the polymerbased optical materials with the dual-emission properties.
Experimental section
General. 1 nm was carried out using a UV diode laser (NanoLED-290L).
Materials. Tetrahydrofuran (THF), diethyl ether (Et2O), and triethylamine (Et3N) were purified using a two-column solid-state purification system (Glasscontour System, Joerg Meyer, Irvine, CA). Pyrene and 9,10-diphenylanthracene were obtained commercially, and used without further purification. 4-(2,7-Dibromo-9-hydroxy-9H-fluoren-9-yl)benzaldehyde and PF-TBT were prepared according to the literature. 14−16 All reactions were performed under argon atmosphere.
4-(2,7-Dibromo-9-(pyren-1-yl)-9H-fluoren-9-yl)benzaldehyde (2). Trifluoromethanesulfonic acid (2.53 g, 16.9 mmol) was slowly added to a dioxane solution (35 mL) of 1 (5.00 g, 11.3 mmol) and pyrene (2.73 g, 13.5 mmol). After stirring at 70 °C for 6 h, the resulting mixture was diluted with saturated aqueous NaHCO3. Then, the product was extracted with cyclopentyl methyl ether (CPME).
The combined organic extracts were washed with brine and dried over anhydrous Na2SO4. After removing the solvent, the crude product was purified by silica gel column chromatography 
4-(2,7-Dibromo-9-(4-(10-phenylanthracen-9-yl)phenyl)-9H-fluoren-9-yl)benzaldehyde (3).
Similarly to the preparation of 2, compound 3 was prepared from 1 (4.44 g, 10.0 mmol) and 9,10- Filtration gave PF-PY-BO-TBT as a red solid (65 mg, 94% (1 mg, 1 µmol), tri(2-furyl)phosphine (2 mg, 9 µmol) and anhydrous toluene (1 mL) in 94% yield as a red solid (97 mg 
Results and discussion
Synthesis. Three kinds of the dyes were used in this study. The polymer main-chain was composed of the alternating sequence with fluorene and dithiophenylbenzothiadiazole (TBT). These alternating polymers are known as a class of low-band gap polymers for fabricating organic opto-electric devices such as photovoltaic cells and electroluminescence displays and showed the emission in the red region originated from the intramolecular charge transfer (CT) state (λem,max = 625 nm). 22−26 As a blue emissive unit, pyrene and DPA were introduced at the cardo carbon. The BODIPY unit was also tethered to the polymer as a green fluorescent unit. 27−31 The sharp and intense emissions are favorable to modulate the energy transfer to the TBT unit. 16 Modified fluorenes with different types of dyes were synthesized according to Scheme 1 using 2,7-dibromo-9H-fluoren-9-ol derivatives as a starting material. All monomers were characterized by 1 H, 13 C and 11 B NMR spectroscopies and mass measurements.
Scheme 1
The polymerizations with a series of the fluorene monomers F-PY-BO, F-DPA-BO, F-PY, F-DPA, F-BO, and 2,7-dibromo-9,9-didodecylfluorene were performed with the TBT comonomer via a Stille coupling reaction (Scheme 2). The polymer properties are shown in Table 1 . The polymers were obtained as red solids in good yields (91-100%). The number-average molecular weights (Mn) and the molecular weight distributions (Mw/Mn) of the polymers, measured by the size-exclusion chromatography (SEC) in chloroform toward polystyrene standards were from 12,000 to 17,000 with 1.6 to 3.1, respectively (the profiles are shown in Figure S6 in the Supporting Information). The degrees of polymerization (DP) of the polymers were suppressed in the range of 24−31 by regulating the reaction time for maintaining the solubility in the common organic solvents such as THF and chloroform. The data for structural analysis by 1 H, 13 C and 11 B NMR were corresponded to those of the monomers. Thus,
we concluded that the polymers should possess the designed chemical structures.
Scheme 2 and Table 1 Absorption properties. To investigate the electronic interaction involving the dye units and the polymer main-chain at the ground state, the optical properties of the compounds were measured. Initially, the absorption spectra of the monomers F-PY-BO and F-DPA-BO were monitored in chloroform solution ( Figure 1 ). The results from the measurements are summarized in Table 2 Both compounds also exhibited the absorption bands around 450-500 nm originated from the BODIPY unit. Peak shifts of the absorption bands were hardly observed. These data indicate that the electronic structures of the dye units should be hardly perturbed by linking via the cardo carbon. Figure 1 and Table 2 Next, the absorption spectra with the polymers were examined. All measurements were performed with the concentration of 1.0 × 10 −5 M to a polymer repeat unit. Similarly to those of the monomers, a sum of the spectra from each component was obtained. Although slight broadening occurred, the vibrational structures of pyrene and DPA and the absorption band of the BODIPY unit were obviously obtained from the polymers. In addition, the broad absorption bands with the peak around 470 nm attributed from the polymer main-chain were observed. These data indicate that the electronic interaction between the dyes and the polymer main-chain should hardly occur. The absorption spectra of the polymers were observed in the film states ( Figure 2 , Table 3 ). The thin films with the thickness of approximately 100 nm for the measurements were prepared by the spin-coating method with the chloroform solutions (1.0 mg/mL) of the polymers on the quartz plate. The absorption spectra in the film states of the polymers exhibited similar shapes to those from solution states. These data propose that the cardo structure could contribute to the preservation of the electronic states even in the condensed states. Figure 2 and Table 3 Energy transfer from the blue dyes to BODIPY linked via the cardo carbon. The energy transfer efficiencies were calculated by the following equation (1). 16 Eeff = 1 -(IDA/ADA) / (ID/AD)
where IDA is a fluorescence intensity of donor (pyrene, DPA, or BODIPY) in the presence of acceptor (the polymer main-chains) and ID in the absence of acceptor. ADA is an absorption of donor in the presence of acceptor and AD in the absence of acceptor. The absorptions were determined from the subtraction of the spectra. The energy transfer efficiencies were calculated from the ratio of the emission intensities ( Table 2) . With the chloroform solutions of F-PY-BO and F-DPA-BO, the photoluminescence spectra were measured with the excitation light at each of absorption maxima of blue dyes (Figure 3 ). F-PY-BO showed a green emission band with the peak at 540 nm. F-DPA-BO exhibited a dual emission with a weak emission band in the region between 400 nm and 500 nm and a strong emission band in the green region. These data clearly indicate that dual-emissive properties can be modulated by selecting the energy donor molecule. These data also mean that the energy transfer should be varied by changing the donors in the side chains. According to the energy transfer efficiencies summarized in Table 2 , it was found that both proceed effectively (from pyrene, 95%; DPA, 96%; calculated by intensities). Moreover, the energy transfer was examined by monitoring excitation spectra detected in the green region ( Figure S1 ). The excitation spectra showed good agreements with wellresolved vibration structures of pyrene and DPA observed in the absorption spectra. These results mean that the green emission can be generated by the absorption of blue light. It is suggested that the excitation energy can migrate efficiently between the side chains. Figure 3 Energy transfer efficiency from the blue dyes to the red-emissive polymer main-chains. Next, the energy transfer efficiencies from the blue emissive dyes (pyrene or DPA) to the polymer main-chain having the red emission were investigated in the chloroform solution ( Table 2 ). The photoluminescence spectra were monitored with the excitation light at the absorption maxima of the blue-emissive component ( Figure 4) . Interestingly, the different transfer efficiencies were obtained from the polymers.
PF-PY-TBT exhibited dual emission peaks in the region of 350−450 nm and 550−700 nm. The efficiency was approximately 80%. In contrast, PF-DPA-TBT showed a broad emission band with the peak around 620 nm attributable to the emission from the polymer main-chain. Energy transfer in PF-DPA-TBT proceeded with high efficiency (99%). The energy transfer was also confirmed in excitation spectra detected in the emission region of the polymer main-chain ( Figure S2 ). It was shown that the excitation energy in PF-DPA-TBT was quantitatively transferred to the polymer main-chain. These data indicate that the energy transfer efficiency can be modulated by selecting the blue-emissive unit, resulting in the monotonous strong emission or the dual emission. Interestedly, although the overlap of the spectra between the emission of pyrene and the absorption of the polymer main-chain should be smaller than that of DPA, the insufficient energy transfer was observed in PF-PY-TBT comparing to that in PF-DPA-TBT. There is possibility that the transient dipole moment in the pyrene unit might have an unfavorable direction, leading to the decrease of the energy transfer efficiency. 32 Because of the connection to the cardo fluorene, it should be intrinsically difficult to form the parallel distribution toward the transition moment of the main-chain conjugation. In addition, due to the steric hindrance, the molecular motion of the pyrene unit could be inhibited. Thereby, it is implied that the energy transfer might be suppressed via the cardo structure. Figure 4 Energy transfer with the blue-green-red system. The energy transfer was examined with the polymers having the RGB-color units (PF-PY-BO-TBT and PF-DPA-BO-TBT). With the chloroform solutions containing each polymer, the photoluminescence spectra were recorded with the excitation light at each of absorption maxima of the blue-emissive units ( Figure 5 ). Both polymers showed slight emissions in the blue regions. The energy transfer from the blue to green units and from the blue to red units occurred efficiently (>99%). The kinetic data proposed the rational results (Table 4 ). The lifetimes of both blueemissive units were relatively shorter than those of free molecules. The excitation spectra were measured with the detection wavelength at 628 nm ( Figure S3 ). The peak positions showed good agreements with those in absorption spectra. These results indicate that the red emission should be induced via the blue-emissive dyes and the BODIPY unit. These results clearly indicate that the energy transfers from the blue-emissive units should proceed with high efficiency. In contrast, from the green to red units, the energy transfer proceeds insufficiently, resulting in the multi-emission behaviors. The apparent energy transfer efficiencies from the BODIPY units to the polymer main-chains were 8.3% and 39% in PF-PY-BO-TBT and PF-DPA-BO-TBT, respectively. Because of the relationships of the energy levels of each unit, the energy transfer should be disturbed. 16 These results can be summarized that the energy transfer efficiencies should be controllable by regulating the energy levels of the dye units. Figure 5 and Table 4 Dual-emission properties in the film state. From above results in the solution states, it was revealed that the PF-PY-BO-TBT and PF-DPA-BO-TBT showed dual emission of green and red color derived from the BODIPY unit and the polymer main-chain, respectively. In the previous report, the dual emission was also observed from the BODIPY-tethered alternating fluorene copolymer with TBT only in the solution state. 16 Finally, to evaluate the dual-emissive properties of the polymers in the film state, the optical measurements were performed. The homogeneous films (ca. 100 nm) of the synthesized polymers were prepared on the quartz by the spin-coating method with the chloroform solutions (1.0 mg/mL). From the microscopic observations, it was confirmed that all polymer films possess homogeneous states at the sub-micron order ( Figure S4 ). From the fluorescence measurements, the dual emissions were observed from the films of PF-PY-BO-TBT and PF-DPA-BO-TBT ( Figure 6 ). The significant emission bands in the blue regions from 400 nm to 500 nm and the red regions around 600 nm were simultaneously obtained. These data clearly indicate that the dye-modified alternating polymers can work as a dual-emissive materials in the film state. The quantum yields in the film state were lower than those in the solution (Tables 2 and 3 ). The excitation spectra were measured with the detection wavelength at 625nm ( Figure S5 ). The similar spectra were obtained to those in absorption spectra ( Figure 2 ). These data mean that the energy transfers could proceed. The decreases of the emission in the films could be caused by the inter-chain electronic interaction in the condensed state. Since the emission from the BODIPY unit can be critically quenched in the film state, even on the cardo structure, concentration quenching could occur in the BODIPY-containing polymers PF-PY-BO-TBT and PF-DPA-BO-TBT (ΦPL = 0.08), leading to the decreases of the quantum yields comparing to those of PF-PY-TBT and PF-DPA-TBT (ΦPL > 0.2).
Figure 6

Conclusion
We present the dual-emissive solid materials based on the alternating polymers composed of different dyes-substituted cardo fluorenes. We also demonstrate the systematic information on the energy transfer in the dyes-substituted cardo fluorenes involving the polymer main-chains. According to the experimental results, three significant issues are obtained: i) The efficient energy transfer can occur between the side chains and from the side chain to the main chain. In this study, the energy transfers from the blue-emissive dyes tethered to the cardo structure to the green and red-emissive components in the polymers are shown. ii) The energy transfer efficiencies are controllable by modulating the energy levels of the donor and the acceptor and by changing the detection conditions such in the solution or film.
iii) The dual emission can be observed even from the homogeneous polymer films. Insufficient energy transfer was accomplished, leading to the dual emission. In particular, it is illustrated that the cardo structures play a crucial role in the isolation of the electronic states of each emissive component.
Our findings described here could be feasible for constructing multi-functional optical assembly using fluorene-based polymers as a scaffold to receive advanced opto and/or electronic materials.
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